INTRODUCTION
fl-Lactamase from Staphylococcus aureus PCI is a class A fl-lactamase whose major function is to hydrolyse the /J-lactam bond in antibiotics such as penicillins and cephalosporins and is a major source of resistance to ,J-lactam antibiotics. This makes the study of inactivation of ,3-lactamases a clinically important issue, and may enable a rational approach to the design of more effective antibiotics. Certain semisynthetic penicillins, such as methicillin, have long been recognized as having inhibitory properties, owing to the induction of conformational change (Kiener & Waley, 1977; Pain & Virden, 1979; Kiener et al., 1980) . This type of substrate, which causes the enzyme to undergo a form of reversible suicide inhibition, has been called a 'type A substrate' by Citri et al. (1976) . The presence of this type of inhibition is manifested by a time-dependent decrease in the enzyme activity, leading to a low level of steady-state catalytic activity due to residual active enzyme, followed by a return to full catalytic activity upon exhaustion of the substrate.
Previous investigations of class A ,-lactamases with good substrates (Cartwright & Fink, 1982; Anderson & Pratt, 1983; Bicknell & Waley, 1985; Pratt et al., 1988) , and inhibitors (Knott-Hunziker et al., 1979; Cohen & Pratt, 1980; Cartwright & Coulson, 1980; Fisher et al., 1980; Clarke et al., 1983) , indicate that the catalytic reaction involves the intermediacy of an acyl-enzyme intermediate. Various studies have implicated Ser-70 as the nucleophile responsible for the formation of the acyl-enzyme (Fisher et al., 1981; Dalbadie-McFarland et al., 1982; Sigal et al., 1982; Cartwright et al., 1989; Virden et al., 1990) . However, with type A substrates (Citri et al., 1976) , the identity of the attachment site is still unknown (Virden et al., 1975 (Virden et al., , 1978 Kiener et al., 1980; Hardy & Kirsch, 1989 Kinetics of re-activation. The inactivated enzyme was prepared by incubating 8 uM-fl-lactamase with 100 mM-nafcillin at pH 7.0 in 0.2M-potassium phosphate buffer at 20 'C for 4 min, which led to complete inactivation. The re-activation assay was conducted by adding a 100-fold-diluted portion containing the inactivated enzyme to a solution of benzylpenicillin (2.2 mM).
The re-activation curve was recorded on a Perkin-Elmer 320 spectrometer at 240 nm and the data were analysed by the method of Koerber & Fink (1987) .
Trapping of the acyl-enzyme intermediate. Since nafcillin was shown to be a reversible inhibitor of the staphylococcal /Jlactamase, trapping of the enzyme-substrate intermediate was done at 20 'C, where the rate of re-activation was reasonably slow. The conditions under which the putative penicilloyl-acylenzyme was trapped were 10 ftM-J-lactamase and 100 mm- A Beckman gradient h.p.l.c. system equipped with a model 165-detector and C3 ultrapore RPSC column was used to analyse the sample. A 0.1 0% TFA/acetonitrile gradient (5-45 % acetonitrile in 15 min) was used. The eluant from h.p.l.c. was monitored at both 280 and 325 nm (the latter indicating the presence of the nafcillin chromophore). To ensure that there was enough sample for the peptide-fragmentation experiments, four such trapping experiments were done. The four samples were combined and concentrated to 250,l by using a microconcentrator [Centricon 10; 4 'C; centrifuged at 7000 rev./min for 45 min]. The concentrated sample was then further purified by h.p.l.c.
Peptide fragmentation. The concentrated sample from above was treated with pepsin (at a molar ratio pepsin/fl-lactamase of 1:10) at 20 'C. The digestion (at pH 2.5) was allowed to proceed for 3 h. H.p.l.c. was used to separate and collect the peptides which carried the bound substrate. A multiple injection scheme was used to introduce the sample to the h.p.l.c. column.
Separation of the peptides with bound nafcillin was achieved on a C3 ultrapore RPSC column with the following gradient elution system. Solvent A was water containing TFA (0.1 %). Solvent B was acetonitrile containing TFA (0.1 %). Fig. 1) shows that the maximum As is in the vicinity of 325-330 nm. In order to determine whether nafcillin is a normal substrate or a mechanism-based inhibitor (i.e. type A substrate) for the staphylococcal fi-lactamase, we monitored the hydrolysis of nafcillin at 325 nm at 20 'C. The results are shown in Fig. 1 , and were best fitted by a first-order process followed by a zero-order reaction. Significantly, only a small amount of the nafcillin was hydrolysed at the completion of the first-order process, indicating inhibition of the enzyme. Thus both the kinetics and amplitude change are consistent with the behaviour expected for a type A substrate. The rate of the initial exponential decrease in A325 was 2.6 x 10-2 s-', and corresponds to the rate of inactivation of the enzyme, assuming that substrate-saturation conditions obtained. The subsequent very slow zero-order reaction, with rate 4.1 x 10-3 M.S-1', would correspond to the steadystate turnover reaction, resulting from whatever amount of noninhibited enzyme was present. The rate of the initial phase was in good agreement with the rate of inactivation determined independently (see below). Only 15% of the nafcillin was hydrolysed after 1000 s when the enzyme-catalysed reaction appeared to be complete. On the basis of these results it is concluded that nafcillin is a type A substrate for the staphylococcal enzyme and that it takes approx. 200 s to inactivate the enzyme. Moreover, to confirm that the levelling off of the hydrolysis was not due to depletion of substrate but due to the enzyme being completely converted into the transiently inhibited form, a fresh sample of enzyme was added to the incubation mixture after 1000 s. The hydrolysis pattern observed in Fig. 1 was again observed. 
Time-dependent inactivation
In order to confirm that nafcillin behaved as both a substrate and an inhibitor, aliquots were removed from a mixture of ,-lactamase and nafcillin and assayed with benzylpenicillin. Fig. 2 shows that progressive inactivation of the enzyme occurs as a function of time. Since, as is shown below, the inactivation is transient, this is evidence that nafcillin is a type A inhibitor (Citri et al., 1976; Pain & Virden, 1979) . These results show that essentially complete inactivation occurred in 200 s under the experimental conditions used. These data also enable a comparison of the rate of inactivation to the rates observed in the experiment of Fig. 1 to be made. The rate of inactivation determined from the data of Fig. 2 is 2.9 x 10-2 s-1, which agrees very well with the higher rate constant obtained from the direct observation study of 2.6 x 10-2 s1* Effect of inhibitor concentration on inactivation
As shown in Fig. 3 Fig. 4 . Re-activation of nafcillin-inactivated Ji-lactamase, monitored with benzylpenicillin Assay conditions were pH 7.0 and 20 'C. The solid line represents the re-activation assay, the broken line is the control (no incubation with nafcillin). The latter has been offset to start at the same absorbance as the re-activation assay. A 0.4 cm path length was used to minimize background absorbance.
an extended time period, it was observed that not only did the enzyme re-activate, but that complete recovery of the enzyme activity was obtained (Fig. 4) . The rate of re-activation was calculated to be 1.9 x 10-3 S-1. In such a re-activation study it is important to have excess substrate, in this case benzylpenicillin, and low enzyme concentrations, in order to ensure that the enzyme is fully re-activated before the substrate concentration decreases to below saturation. If these conditions are not met, erroneous values of the rate and amount of re-activation may be obtained (Koerber & Fink, 1987) .
Trapping the acyl-enzyme intermediate
Since nafcillin has a significant absorbance at 325 nm, whereas /3-lactamase does not, one can use the nafcillin chromophore as a label in trapping experiments. Thus ,-lactamase was incubated with excess nafcillin until inactivation was complete, the pH was then lowered to 5 to slow the re-activation reaction, and the incubation mixture passed through a centrifugal gel-filtration column at 0°C to separate the enzyme from excess nafcillin and products. The eluant was then analysed by h.p.l.c. under denaturing conditions. Thus only covalently bound nafcillin would be co-eluted with the enzyme fraction. Fig. 5(a) shows that the enzyme is covalently labelled with nafcillin and also indicates the retention times for the excess substrate (7.43 min), the product(s) (9.8 and 11.5 min) and the enzyme-substrate intermediate (13.3 min). From the molar absorption coefficient of nafcillin at 320 nm and at pH 2.0, which is 3000 M-1 cm-', one can calculate the stoichiometry of the labelled enzyme, which was found to be 0.8: 1.
The eluant fraction corresponding to the enzyme fraction was collected from four runs, combined and concentrated to approx. 250 ,ul by means of a microconcentrator. The concentrated sample was then again chromatographed by h.p.l.c.; the results are shown in Fig. 5(b) . The shoulder in the enzyme peak observed at 280 nm reflects the partial resolution of the free enzyme from that labelled with nafcillin. In a separate acyl-enzyme trapping experiment, in which the incubation of enzyme with nafcillin was stopped after 1 min (which resulted in a 50:50 mixture of inhibited and free enzyme), the h.p.l.c. trace clearly showed two resolved forms of enzyme corresponding to the free and the inhibited enzyme.
The fractions containing the labelled enzyme were collected and subjected to pepsin digestion. As shown in Fig. 6 major labelled peaks were observed, which with increasing time of digestion collapsed into a single peak with retention time 9.8 min. The labelled peptides were collected and then subjected to trypsin digestion. A single labelled peptide was collected (Fig.  7) . The sequence of this labelled peptide was Ala-Tyr-Ala-SerThr-Ser-Lys. This corresponds to the region from A67 to K73. On the basis of previous work pointing to the central role of Ser-70, we conclude that nafcillin forms an acyl-enzyme intermediate with ,3-lactamase via Ser-70.
Mechanistic implications
The explanation for the inhibition of ,-lactamase by type A substrates is still unclear (Kiener & Waley, 1977; Pain & Virden, 1979; Kiener et al., 1980; Persaud et al., 1986; Fink et al., 1987; Hardy & Kirsch, 1989) . Two possible sources of inhibition have been postulated; a substrate-induced conformational change or a chemical effect due to acylation at a residue other than the normal active-site serine residue. Kinetic studies have shown that the simplest kinetic scheme to account for the observations is that shown in eqn. 1 (Kiener et al., 1980; Frere, 1981; Fink et al., 1987) 
